The simplest possibility to explain the baryon asymmetry of the Universe is to assume that radiation is created asymmetrically between baryons and anti-baryons after the inflation. We propose a new mechanism of this kind where CP-violating flavor oscillations of left-handed leptons in the reheating era distribute the lepton asymmetries partially into the right-handed neutrinos while net asymmetry is not created. The asymmetry stored in the righthanded neutrinos is later washed out by the lepton number violating decays, and it ends up with the net lepton asymmetry in the Standard Model particles, which is converted into the baryon asymmetry by the sphaleron process. This scenario works for a range of masses of the right-handed neutrinos while no fine-tuning among the masses is required. The reheating temperature of the Universe can be as low as O(10) TeV if we assume that the decays of inflatons in the perturbative regime are responsible for the reheating. For the case of the reheating via the dissipation effects, the reheating temperature can be as low as O(100) GeV.
Introduction
Missing antimatter is one of the mysteries in the history of the Universe. The baryon asymmetry cannot be the initial condition in the inflationary cosmology while the thermal history within the Standard Model of particle physics seems to fail to explain it. It is plausible that the neutrino masses may be something to do with this mystery since the Majorana masses of neutrinos together with the sphaleron process provides us with a new source of the baryon number violation as well as CP violation [1] .
It is well-known that three conditions need to be satisfied for the creation of the baryon asymmetry after inflation [2] : baryon number violation, CP violation, and a stage with out-of-equilibrium. Recently it has been shown that all the three conditions can be satisfied at the very beginning of the Universe in the Standard Model with a dimension five operator to generate the neutrino Majorana masses [3, 4] .
(See also the reheating era baryogenesis [3, 5, 6] , and non-thermal leptogenesis [7] [8] [9] .) In these scenarios, the right-handed neutrinos are not necessary, and thus the effective theory to describe the phenomena is the same as the one for the low energy experiments, such as the neutrino oscillation experiments as well as the neutrinoless double beta decays. This provides us with tight connections between the baryon asymmetry of the Universe and the low energy experiments.
The key fact is that flavor oscillations of active neutrinos during the reheating era provide CP violation just as in the neutrino oscillation phenomena we observe today [3] . It was shown that only with adding the higher dimensional Majorana mass term, LLHH, to the renormalizable SM, the baryon asymmetry can be generated during the thermalization process [4] . The oscillations are induced due to the misalignment of the eigenbasis of the effective mass matrices, governed by the matter effects, and that of the LLHH interactions. The observed baryon asymmetry is shown to be explained if the reheating temperature is higher than 10 8 GeV.
The scenario works for whatever mechanism for the generation of neutrino Majorana masses at sufficiently high renormalization scale.
The baryogenesis with two or three generations of the right-handed neutrinos have been studied widely in connection with the generation of the neutrino masses by the seesaw mechanism [10] [11] [12] [13] [14] [15] . Thermal leptogenesis [1] assumes the thermal bath of the SM including the right-handed neutrinos as the initial condition, and the lepton asymmetry is produced by the out-of-equilibrium decays of right-handed neutrinos, which requires T R 10 8 GeV. (See Refs. [16, 17] for reviews.) It has been shown that the reheating temperature can be lower if one tunes the difference between the righthanded neutrino masses so that the resonant effects take place [18, 19] . The righthanded neutrinos can be much lighter than O(100) GeV when the flavor oscillations of the right-handed neutrinos get important while some tuning in the mass spectrum is necessary [20, 21] . In this scenario, the abundance of the right-handed neutrinos, which is assumed to be zero at the beginning of the Universe, are generated through the scattering of the left-handed leptons. The lepton asymmetries originated from the oscillation among right-handed neutrinos are stored separately into the lefthanded and right-handed neutrino sectors. In the case of the neutrinos with the Dirac masses, one can also consider the possibility that the lepton asymmetry is stored in the right-handed neutrinos [22] .
In this paper, we consider flavor oscillations of active neutrinos during the reheating era in the seesaw model [10] [11] [12] [13] [14] [15] . Through the Yukawa interactions between the lepton doublets and the right-handed neutrinos, the CP-violating flavor oscillations distribute lepton asymmetries into the left-handed and right-handed neutrinos, while total lepton asymmetry is conserved. The lepton asymmetry stored in the lefthanded leptons is, in turn, converted into the baryon asymmetry by the sphaleron process. If the right-handed neutrinos never come into the thermal equilibrium until the sphaleron process shuts off at T ∼ 100 GeV, the created baryon asymmetry remains today. In the scenario where the reheating is caused by the perturbative decay of the inflaton, the reheating temperature should satisfy T R 7 TeV for the successful baryogenesis. We also discuss the possibility that the reheating is due to the dissipation effect. In that case the right-handed neutrino can be lighter than 100 GeV and the reheating temperature can be as low as T R ∼ 100 GeV.
The new mechanism does not require a fine-tuning of the mass degeneracy. Since the density matrices of the initial left-handed neutrinos are not in the thermal ones in the reheating era, the asymmetry via oscillation is produced at the leading order in the perturbation of the neutrino Yukawa couplings. As a result, large enough baryon asymmetry can be produced. The mechanism works with a single righthanded neutrino, and thus no tuning among masses of right-handed neutrinos is necessary.
This paper is organized as follows. The main idea is shown in the Sec.2 by assuming the inflaton decays in the perturbative regime. In Sec.3, we discuss the case with reheating via the dissipation processes. The last section is devoted to conclusions and discussion.
Active neutrino oscillation for baryogenesis
We introduce a singlet fermion to the Standard Model gauge group, N , which is one of three right-handed neutrinos responsible for the seesaw mechanism. For a while, we ignore its mass. The Lagrangian is given as
where y N i are the Yukawa coupling constants, L i (i = e, µ, τ ) is the lepton doublet field,P L is a left-handed projection operator andH ≡ iσ 2 H is the Higgs field. We restrict ourselves in the case for |y N i | O(1). Here we take the basis that y N i is real by making the phase rotation of L e , L µ and N without loss of generality.
Inflaton decay in the perturbative regime
We introduce an inflaton field, φ, which once dominates over the Universe. The mass is m φ . Let us first assume that the reheating of the Universe proceeds via the φ perturbative decays for simplicity. We suppose that the decay has some branching fraction B to the active neutrinos,
Here X denotes arbitrary final states, and B ≤ 1. The final lepton state, L φ , is in general a linear combination of L e , L µ , and L τ . Through the dominant decay channels of φ the Universe is reheated to the temperature, T = T R (g * π 2 /90) −1/4 √ ΓM P , with the total decay width Γ, the effective relative degrees of freedom g * 106.75, and the reduced Planck mass M P 2.4 × 10 18 GeV.
At the moment of the inflaton decay t = t R ≡ 1/Γ, there are two components in the Universe. One is the thermal plasma which is generated at the preheating era at t < t R . 1 The thermal distribution is characterized by the temperature T R , which should satisfy
for the regime of the perturbative decay. Another component is the direct decay product at t = t R which includes the active leptons, L φ . These leptons are generally out of equilibrium. For instance, if we consider a two-body decay to the lepton, the component includes monochromatic modes of the leptons with energy around m φ /2.
The lepton will be thermalized promptly due to the interaction with the thermal plasma.
In the following, we will discuss the leptogenesis via the active lepton/neutrino oscillations during this rapid thermalization process and show that this scenario works with low reheating temperature if there is a sufficient amount of CP violation.
The lepton asymmetries are divided into two sectors: the active neutrino sector, ∆ vis , and N sector, ∆ N , while the total asymmetry is zero, i.e. ∆ vis + ∆ N = 0, due to the conservation of the lepton number once we ignore the mass term of N . After the thermalization of left-handed leptons only ∆ vis is important and can be converted into the baryon asymmetry by the sphaleron process. If N is not thermalized until the temperature drops to T < T sph ∼ 100 GeV, where the sphaleron process freezes out, ∆ N would not be transferred back into the visible sector. As a result, the produced baryon asymmetry is maintained until today.
The asymmetry ∆ N is produced in the following way. At t = t R , the lepton of momentum p produced by an inflaton decay, L φ , is represented as a quantum state
which evolves as
where |i is the flavor eigenstate of the left-handed leptons, i = e, µ, τ , with momentum p which is around m φ . We have defined
Here c τ can be taken to be real by the field redefinition of L τ without loss of generality, but c e and c µ are in general complex numbers. The flavor oscillation phenomena happen through thermal potentials, which are created by the preexisting thermal plasma. For |p| T , the dispersion relation becomes flavor dependent such as
where y i are the Yukawa coupling constant for the charged leptons,
We assumed y τ y N , and '· · · ' contains the the flavor-blind terms irrelevant for the flavor oscillation.
The thermal plasma plays two important roles. One is to induce the thermal potential for the flavor oscillation as just discussed. The other is that it prevents the flavor oscillation from lasting too long. The oscillation is terminated when the leptons annihilate with the plasma. The free propagation time scale, t MFP , is given approximately as the inverse of the thermalization rate,
where we have taken into account the Landau-Pomeranchuk-Migdal (LPM) effects [23, 24] for estimating the energy loss process important for the thermalization. The inelastic scattering rate via a t-channel gauge boson exchange is naïvely O(α 2 2 T ). However, at the quantum level, one must take into account the coherent multiple gauge boson emissions, when an energetic lepton is injected into the medium. This effect leads to the suppression factor T /|p|. 
which is even shorter than the time scale of the thermalization, t MFP . The flavor oscillation is also the most effective for |p| ∼ T . Therefore, the quantum state of the leptons shortly after the time scale, t MFP , is given by
The integration in Eq. (5) is approximated by E i ∆t pair evaluated at |p| = T . The evolution of each flavor component differs by a phase, and for τ the difference is,
This can be the origin of the baryon asymmetry O(10 −10 ). The effects are not sup- 
where we have defined |y N | 2 ≡ i |y N i | 2 . The probability is normalized by the process with the largest cross section, i.e., the scattering via y τ .
As in the ordinary neutrino oscillation this rare process can have CP asymmetry since there are strong phases (CP-even phases) from the oscillation and the CP-odd phases in the new interactions including the inflaton couplings. This is because we cannot remove all of the CP phases from the field redefinition as we have performed.
The CP asymmetry in the probability is given by
Here we have defined the state L N | as the eigenstate in the interaction basis of Eq. (1) which satisfies L N |i = y N i /|y N |. Thus,
The probability is estimated as
The leptonic asymmetry in N is produced with this probability for each leptons generated by the inflaton decays.
Since the inflaton decays provide the leptons in terms of the number density divided by the entropy density as ∼ 3BT R /4m φ , ∆ N to entropy density is given as
Here we have defined
We stress here that this value of generated asymmetry does not depend on T R once T R /m φ is fixed. This implies that the reheating temperature has no restriction in generating ∆ N .
Since ∆ N = −∆ vis , the non-zero ∆ N means that there exists
This is transferred into the baryon asymmetry via the sphaleron process. The required value of the lepton asymmetry converted from the measured baryon asymmetry of the universe [25] [26] [27] is
Comparing with Eq. (16), we see that enough amount of baryon asymmetry can be generated just after the reheating. The question is whether this asymmetry remains until today.
Let us consider the condition for preserving the baryon asymmetry until today.
Obviously, ∆ N should not be transferred back to the visible sector via Eq. (1) until the sphaleron process becomes inefficient at the temperature lower than T sph . Otherwise, the sphaleron would washout the baryon asymmetry. Therefore, N should not be thermalized until T = T sph . The interaction rate of relativistic N with the thermal plasma is given by
where γ N 0.01 is the numerical result from Refs. [28] [29] [30] which includes 2 ↔ 2 and 1 ↔ 2 processes as well as the LPM effect. By comparing Γ th N with the Hubble parameter at the radiation dominant era, H g * π 2 T 4 /90M 2 P , one obtains the temperature that N is thermalized
The thermalization of N can be avoided if we take into account its Majorana mass parameter, M N , as
which satisfies
In this case, before the thermalization occurs N becomes non-relativistic so that the asymmetry, ∆ N , is washed-out while the produced baryon asymmetry corresponding to ∆ vis untouched. On the other hand, T R M N is necessary for our discussion, i.e.
the "observation" of active states with producing N has to be valid kinematically.
One arrives at the condition for our scenario in inflaton perturbative decay
This condition predicts specific patterns of the both active and right-handed neutrino masses and the relating phenomena, as we shall see soon.
Implications on neutrino physics
Since N is the right-handed neutrino, it gives a mass of active neutrino through the type-I seesaw mechanism, 
Compared to the neutrino mass scales, ∆m 2 sol 9 × 10 −3 eV and ∆m 2 atm 5 × 10 −2 eV, the N particle which is responsible for baryogenesis can significantly contribute to the active neutrino masses only for the lightest or the second lightest ones. Two other right-handed neutrinos need to explain the rest of the neutrino masses.
Based on the above discussion, the baryogenesis scenario predicts the active neutrinos in either normal hierarchy (NH) or inverted hierarchy (IH), i.e. not degenerated. The sum of the active neutrino masses is determined for each mass hierarchy, I m ν I 0.06 (0.10) eV for the NH (IH) 2 with I = 1, 2, 3 denoting the generation of active neutrinos in the mass basis. The sum of masses has been constrained by the observations of cosmic microwave background (CMB) and baryonic acoustic oscillation given as I m ν I < 0.12 eV [32] . The value is consistent with Eq (25) .
The future observations should improve the upper bound so that the scenario can be tested.
The prediction on the lightest neutrino mass in Eq. (25) impacts on neutrinoless double beta decay. Its decay rate is characterized by the effective neutrino mass m eff , whose definition is m eff = I m ν I [U PMNS ] 2 eI . Since the lightest neutrino mass is at most |δm ν |, we find |m eff | 7 × 10 −3 eV for NH and 0.01 eV |m eff | 0.05 eV for IH.
The masses of other two right-handed neutrinos are restricted since they should not wash out the lepton asymmetry ∆ vis . Here for simplicity we restrict ourselves in the case that the reheating temperature is so low, e.g. T R 100 TeV, that all the interaction rates via Standard Model Yukawa couplings are faster than the expansion rate. 3 Under this most dangerous circumstance for the wash out, one can obtain four possible mass patterns to evade the wash out:
The Case 1 says that the masses of N 2,3 that violates the lepton number are almost negligible at T > T sph . Case 2 is the possibility that N 2,3 are so heavy that the thermal production are kinematically suppressed, and that they are hardly thermalized. Case 2 For the estimation of the total neutrino mass we use results in a global analysis of neutrino oscillation measurements [31] . 3 If this assumption is removed, some of the charged lepton Yukawa coupling can be neglected when the washout is effective. There can be flavor-dependent lepton symmetry, and thus some component of ∆ vis can not be washed out. In this case, there can be mass patterns where M 2 or
The extension is straightforward.
3 or 4 is the composition of Cases 1 and 2. Apart from Case 2 there exists the righthanded neutrino with the mass below the electroweak scale.
Such a light particle may be probed experimentally. The right-handed neutrinos in the mass range of O(1-10) GeV will be searched for in future beam-dump and collider experiments e.g. Ref. [34] . Moreover such a particle can impact on the neutrinoless double beta decay as an additional intermediate state and thus may be tested indirectly [35] . 4 The contribution behaves as M −2 α because of a suppression of nuclear matrix element when the mass is larger than its typical momentum exchange
Numerical estimation
Here we perform a numerical simulation to confirm the discussion on the asymmetry separation. See Ref. [4] for the detail analysis. We focus on the two components of the density matrices:
and those for anti-leptons. Here s is the entropy density. The first component, ρ k , represents the energetic leptons produced by the φ decay with initial typical momentum, |k| = m φ . The second component, δρ T , represents leptons that deviate from the thermal distribution with the typical momentum |p| ∼ T . Here T T R is the temperature, and ρ eq ij = δ ij /(e |p|/T + 1) represents the density matrix in the thermal equilibrium, which denotes the preexisting thermal plasma. We did not write down the equation for the right-handed neutrino since ∆ N = −∆ vis is guaranteed and we will estimate ∆ vis .
The time evolutions of the matrices can be obtained by solving the kinetic equations, which are derived from first principle with approximations [37] . The equations are given as where Ω k = E i (|k|)δ ij and Ω T = E i (T )δ ij . The destruction and production rates for leptons are given by
The equations for the anti-leptons are obtained by replacing ρ withρ everywhere and reversing the sign of Ω's. In the actual numerical computation, the kinetic equations of right-handed leptons and the red-shift of momenta are taken into account [4] . Now let us briefly explain the terms in the rates. The terms with the coefficient C, C corresponds to the Γ th , Γ pair respectively. We put a parameter C, C = O(1) to take into account the theoretical uncertainty in the LPM effects and in the energy distributions of the inflaton decay product. The terms with γ L , γ N describe the scattering, and (inverse) decay via the Yukawa interactions of charged lepton and (1), respectively, which are important for "observing" the flavor. Here, we take γ L = γ N because of the same kinematics and gauge structure if we neglect g Y . This term with γ N divides the lepton asymmetries into the two sectors. The numerical result of γ N can be found from [28] [29] [30] . We have neglected the scattering via Yukawa interactions for the high energy mode since it is much slower than the energy loss process.
We have approximated that the Higgs bosons are in thermal distributions, which is justified as follows. If the asymmetry of Higgs produced by the CP-violating effect is transferred into the right-handed neutrinos, the contribution is suppressed by O(y 4 N ). On the other hand, most left-handed leptons produced from the interaction with Higgs bosons are in flavor eigenstates, and that the flavor oscillations are suppressed. Thus we can safely neglect the out-of-equilibrium effects of the Higgs bosons. Now we are ready to solve the kinetic equations. The initial conditions of the density matrices for our scenario are as follows
We have assumed the absence of the deviation from the thermal equilibrium for the preexisting thermal plasma at t = t R . We take ρ k corresponding to Eq. (6).
In fig. 1 (γ L y 2 τ T ) −1 . One finds that the asymmetry production lasts much shorter than t R 1/H| t=t R , and the behavior around the timescales are consistent with the discussions in the previous section. We have also checked that the amount of asymmetry does not change much by changing the reheating temperature.
we consider the reheating scenario where T R /m φ O(1). For the inflaton perturbative decays, it was a thermal blocking effect that prevents the T R from going beyond m φ . This is because the decays of φ to the daughter particles with thermal mass ∼ T R m φ are kinematically forbidden.
When the thermal blocking effect is important, a thermal dissipation effect is also important [38] [39] [40] [41] [42] [43] . If the dissipation effect is efficient, the reheating proceeds through the scatterings among the inflaton condensate and preexisting thermal plasma. The process can be represented as
For instance, one may take Y = a Higgs boson, X = a right-handed charged antilepton. This process is kinematically allowed even if m φ is much smaller than the thermal masses of particles. This implies the parameter region of
is also possible. In particular, the inflaton condensate loses energy of around m φ T R per one scattering. This means when the energy of the inflaton condensate all becomes the radiation, the scatterings take place 3T R /4m φ 1 times in a unit volume. Therefore, in this scenario 3T R /4m φ leptons carrying momenta |p| ∼ T R are produced. They are out of equilibrium and thermalized after undergoing the flavor oscillation as in the previous part. As a result the same formula of (16) is expected, but with T R /m φ 1. In particular, when T R /m φ 10 2 the baryon asymmetry can be explained with
Thus,
can be satisfied. This means that ∆ N is not transferred back to the visible sector until the sphaleron freezes out. The baryon asymmetry remains until today. Consequently, our scenario works for the reheating temperature satisfying
In this case, N can be identified with any of the three right-handed neutrinos.
Let us discuss this possibility in more detail by introducing ALP inflation models [44] [45] [46] where the inflaton, φ, is an axion-like particle (ALP). The inflation scale can be as high as Λ inf 100 GeV−100 TeV. 5 The ALP (effective) mass 6 m φ ∼ Λ 2 inf /f and decay constant, f have typical relation fixed by the CMB normalization of the primordial density perturbation:
The flavor oscillation occurs by introducing flavor-dependent couplings of φ to leptons responsible for the reheating. The couplings are given as
where c ij are dimensionless constants related with derivative φ-lepton couplings since φ is an ALP. The reheating through the kind of couplings are shown to be successful in Refs. [45, 46] 
The phenomenological implications are as follows. The flavor mixing for the flavor oscillation leads to the process τ → µ/e + φ if kinematically allowed. This process can be searched for in Belle II experiment [45] . |y N | ∼ 10 −8 − 10 −7 is predicted from Eqs. (16) , (18) and (46) . The right-handed neutrino mass is M N 6 GeV |y N | 10 −7 2 0.05 eV δm ν .
(47) 5 The QCD axion window can be opened and the moduli problem can be alleviated due to the low-scale inflation if inflation lasts long enough and if no mixing between the inflaton and the axion [47] [48] [49] . If there is a mixing which shifts the axion phase by π, the QCD axion can be set on the hilltop and thus a heavier QCD axion dark matter than usual is also possible [50] .
The beam-dump and collider tests, as well as the enhancement of the neutrinoless double beta decay rate, are interesting as discussed previously. The dark matter candidate may be the inflaton itself if the inflaton potential has an upside-down symmetry [44, 45] . The dark matter can be searched for in the IAXO experiment [51] [52] [53] . In this case the lightest right-handed neutrino may be the candidate as well.
Discussion and Conclusions
We have discussed a mechanism of baryogenesis through the CP violation in the flavor oscillation in the reheating era. Since a part of the lepton asymmetry is dis- We note that the mother particle producing the left-handed leptons may not be the inflaton, but the moduli, or heavy fermions that once dominate the Universe.
Even in those cases, the mechanism works. One can also apply the mechanism to the asymmetric dark matter scenario [54] [55] [56] . By assuming that the matter couples to the dark matter with baryon (lepton) number preserving interaction, the matter from the inflaton decay undergoes the flavor oscillation caused by the misalignment of the oscillation and interaction basis. The matter-antimatter asymmetry is distributed to the dark matter due to the CP-violating oscillation.
We have discussed the dissipation effect which enhances the produced lepton asymmetry. This effect can also enhance the asymmetry production of the scenario in Ref. [4] . For T R /m φ O(10 3 ), T R 10 6 GeV is possible to explain the baryon asymmetry of the Universe.
